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STUDY ON DEVELOPMENT OF HIGH Mn AUSTENITIC HEAT RESISTING
STEEL ~-- CHOICE OF BASE COMBOSITION AND THE EFFECT OF
SMALL ADDITTONS OF Ti AND Nb

T. Mimino, K. Xinoshita, I. Mineglshi, and T. Shinoda,
Technical Research Institute, Nippon Kokan Kabushikil
Kaisha (T.M.,K.K.,I.M.) and Tokypo Institute of
Technology (T.S5.)

1.1 lIntroduction /90L1¥

Large gquantities of austenitic stainless steel are used in
large~scale hoilers for thermal power generating plants and in
ctheri'fields requiring high strengths at high temperatures. Among
them, 18-8 stainless steels ocecupy a large percentage. These
18428 type stalnless steels ordinarily contain &bout”10% Ni, and
the AISI 316 type steels ordinarily contain 12-13%. For this
reason, the manufacturing costs are extremely expensive, and it
is believed that there would be a great economic effect if it
were possible to replace it with an inexpensive alloy element and
Go obtainfbherrequired high-temperature characteristics.

Among the possible series using no N1 at all would be the
Cr-Mn and Cr-Mn-N serles. In cases where N1 is used, the Cr-Ni-
Mn and Cr-Ni-Mn-N series, in which Mn is used as a partial re-
placement, are conceivable. However, in cases when the steels are
used as heat resisting steels, it is necessary for the austenite
phase to remain stable even when heated for prolonged periods at
high temperatures. The strength must not decline at high temper-
atures, and there must be superlior oxidation resistance proper-
ties. It 1s believed that the Cr-Ni-Mn series would be suitable
as a system satisfying these requirements.

Considerable research has been done in the past concerning
Cr-Ni-Mn series austenitic steel [1-14], but in most cases the

¥ Numbers in the margln indicate paglnation in the foreign text.



purposes have been for use as corrosion-resistant steels [7~10]

or acid-resistant steels [11-14] rather than as high:temperature
materials. These studies were especially active in Europe. At
the present time, research is being performed in America, India,
China, as well as in Japan [1-61. However, this research per-
tains to the Cr-Ni-Mn-N series. In the United States, such steels
have even been incorporated in the AISI Etandards, but the amounts
of them in use do not appear to be very great. Thus, most of the
countries which are studying the Cr~Ni-Mn series are countries
poor in Ni resources, and this is believed to be a problem which
will have to be grappled with sericusly in our country as well.

2. Base Composition of Cr-Ni-Mn Series Austenitlc Steel

2.1. Purposes

As was mentioned in the Introduction, the Cr-Ni-Mn series
1s believed to be outstanding as heat resisting steel, in
particular as steel for bollers. However, for the purpose of
improving 18~8 series austenitic steel, it will be necessary to
determine an alloy series having a stable austenite phase and /902

—

superior mechanical properties.

First of alil, since it has been known in the past that the
oxldation resistance properties deterilorate in high Mn steels,
the Cr content has been made: approximately 18% in order to avoid
deterioration of the oxidatlion resistance properties as far as
posslible. Tor this reason, we carried out experiments for the
purpose of determining the Mn gquantity giving a stable austenitic
phase while minimizing the Ni as far as possible.

C and N are austenite-forming elements. When they are added
to a Cr-Ni-Mn series, they function to stabilize the austenite.
However, in these experiments we limited them to the amounts mixed
in as Impurities and did not specially add any C or N. This was



because we were considering steels for practical purposes which
ordinarily}have a high C level, and 1t was also concelvable that
N might be added. On the other hand, 1t was also thought neces-
sary to add ferrite-forming elements to a certain degree, and it
wa.s therefore decided that it would be more appropriate to use a
series with no additions of C and N as the base composition.

2.2. Steels Tested and Experimental Mcdels

The steels tested were melted in a 50.kg high frequency fur-
nace and were pourédiimto 10-kg steel ingots. The chemical com-
positions of the melted steels are shown in Table 1. They were
divided into 2% Ni, 4% Ni, and 6% Ni series, and Mn was added to
a maximum of 22%.

TABLE 1. CHEMICAL COMPOSITIONS OF HIGH Mn AUSTENITIC STEELS
MELTED FOR THE EXPERIMENW
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Electrolytiec 1ron, electrolytic nickel, and electrolytic
manganese were used as the raw materials for melting, but medium
carbon ferrochrome was used as the Cr.socurce. The melted steel



ingots were forge-drawn at 1150-1175°C and were used in the ex-
periments described below as 20 mmgd raw materials.:

The tests inecluded measurements of the d-ferrite, structural
observations, creep rupture tests, high-temperature twisting tests,
hardness measurements, and oxldation resistance tests. The
solution heat treatments were performed at 50°C intervals up to
1000-1200°C, and the specimens were water-cooled after being kept
at each temperature for 1 hour.

2.3. Experimental Results and Discussion

2.3.1. Structure and Hardness after Solution Heat Treatments

It has been reported that when the Ni quantity 1s small in
Cr-Ni-Mn series, §-ferrite will appear even when the solution heat
temperature is relatively low [6]. Like Ni and Cu, Mn 1s also
an austenite-forming element, but 1t 1s far less effective than
Ni in stabilizing the austenite. Consequently, since it is
anticipated that the austenlte stability will decline in alloys
with little N1 and a hilgh Mn, we varied the solution heat tempera-
ture within the range of 1000-1200°C in order to study the
effects of the solution heat temperature on the §-ferrite quan-
tity. The optical microscople structures of repfesentative
speé¢imens given solution treatment at 1100°C and 1200°C are shown
in Photo 1.

ThHe amounts of 6-ferrite in these speclimens were measured by
the line analysis method. The results are shown in Flg. 1 for
those given solution treatment at 1100°C and in Fig. 2 for those
treated at 1200°C.

In the A serles containing 2% Ni, considerable quantities of
§-ferrite are stlll observed even when 382 steel with 7% Mn is
given solution treatment at 1000°C. The amount increases further



Photo. 1. Micrographs of 182 Cr<Ni-Mn steels ffter solution

treatment at 1100% and 1200°C.
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Jl1 at 1100°C to 36.8% and at
£ER 1{-’} 1200°C to 41.9%. In this
: ;é series, even if about 10%

Mn is added, there is a
§-ferrite content of 21.7%
even in specimens given
solution treatment at
1100°cC.

In the B series con-
taining 4% Ni, there is the
smallest amount of &§-ferrite

when the Mn content 1s

around 10%. However, in

specimens given solution
treatment at 11009C, this will be
only 7.8%, and it will be only
about 10% in those given solutilon
treatment at 1200°C. If the Mn
is further increased, there is a
considerable increase of the
§-ferrite, as is shown in Photo
1 (a) and (b).

In the C series containing
6% Ni, almost no §-ferrite at all
can be detected in the S16 steel
with 8% Mn (Photo 1 {(c) and (d))
even if the solution treatment

temperature is increased to 1200°C. However, there will be more

§~ferrite when the Mn is increased. On the basis of these facts
it it believed that in the Cr-Ni1-Mn series wilth 18% Cr, the most
sultable conditions would be to add 8-10% Mn to 6% Ni.
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Fig. 3. Change of hardness after solution treatment

Tn Fig. 3 1s shown the
relationship between the hardness
after solution treatment and the
Mn content. In all systems,
there 1is a slight decrease in the
hardness as the Mn content in-
creases. The hardness also tends
to decline generally as the Ni
content increases. However AIST
304 steel (hereinafter called
"18-8 steel") has a hardness of
Hv 140-160 after solution treat-
ment at 1100°C. On an average,
the values are higher when com-
pared with this value.

In Fig. 4 Zseshown the
relationship between the
amounht of §-ferrite and the
hardness after solution treat-

ment. One can see a tendency for

| the hardness to increase as the

amount of §-ferrite 1ncreases.

As is shown in the preceding,
in 6% Ni steels contalning
8~10% Mn, the hardness after
solution treatment will be less
than Hv 180. Such steels are
somewhat harder than 18-8 steel,
but the different is only slight.
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' ! " Characteristics
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p 180T - : _
2 oeol® ‘ : that the hot workabillity
- .
‘ can be improved by means of
HOs 10 20 30 40 50 60 P ¥
" Vatume percentuge o 5= ferrite Mn [1], and 1t is also true
Fig. 4. Relation between volume percentage of d-ferrite and .
. hardness after solution treatment, | that much 1mportance is

attached to the hot worka-
bility of this steel 1n actual practice. Therefore, we carried
out hot twisting tests to study the hot workability. Tt is not
necessarily approprilate to discuss the hot workabllity solely on
the basis of the results of hot twistlng tests. However, since it
was thought that they would serve as a sort of yardstick, we
compared them with the results for 18-§ steel.

In Filg. 5 #&s shown the relatlonshlp between the twlst number
to rupture and the testing temperature. In the 2% N1 series, the
twist number to rupture increases as the testing temperature rises. /904

In the 4% Ni series, the twist number to rupture remains
almost unchanged regardless of the testing temperature; the av-
ergge number iSf5 times; and this value 1s an extremely low one
in comparison with that of 18-8 steel. In the 6% Ni series, just
as in the 4% Ni series, there are almost no changes depending on
the testing temperature, although generally speaking the twist
number £o rupture is somewhat higher. The highest value is
displayed by 8% Mn steel at 1200°C, and 14% Mn steel generally
di¥gplays a low twlst number to rupture.

In Fig. 6, the twist numbers to rupture of 4% and 6% Ni series
are organized in relation to the Mn content. The 6% Ni series
displays a higher twist number to rupture on the low-Mn side than
the 4% Ni series, and ihethié 4% Ni series there are almost no
changes in the twist number to rupture depending on the Mn content.
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Furthermore, in the 6% Ni
series, there are high
values when the Mn content
is about 8%. In 6% Ni, it
is thought that there is
only the austenite phase

in the 8-10% Mn region.
However, the high Mn steels
are quite inferior when
compared with 18-8 steel,
whlch has the same austenite
-phase. Nevertheless, there
are no particular 4diffi-
culties when steel ingots
(10 kg) are forged at
1150-1175°€, cracking does

not oceur even during rolling,
and the deformation resistance
also appears to be less than
that in 18-8 steel.
may assume that they have a hot
workability which is permissible
in actual practice.

Thus, one

The relationship between the

twist number to rupture and the

§~ferrite content is plotted in
Fig. 7 in order to study the relationship between the hot worka-
b11lity and the d§-ferrite content.
small amount of d-ferrite does not harm the hot workability very

severely, but if §-ferrite of 10-40% 1s present, the twlst number
to rupture will decline remarkably.

According to the figure, a very

That 18, materials containing

no é~ferite value have a value of 10 twilsts at 1100°C or 13 twists
at 1200°C, but this decreases to about 5 twists when the §-ferrite

content is 259%.

However, at 1200°C the twist number to rupture



™~ increases when 8-ferrite of
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g L s . = = o to rupture rises abruptly
. '+ Volume percentage of - ferrite when there is a §-ferrite
Fig.. 7. I(el-mnn hetween volume pereentage of 4= ﬁrnufmcl‘
twist number to ruptare, content of 20% or more,
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but in this steel there 1s
st1ll no rise at 1100°C even with a content of 40%. Thus, there
is a simiiéﬁitybetween both steels in the phenomenon #h which the
twlst number to rupture increases when the 6-ferrite content in-
creases above a certain quantity. The d-ferrite content at which
there 1s a buildup of the twist number to rupture in high Mn
steel is a higher value than that in the case of 13% Cr steel, and
the bulldup also proceeds more lelsurely. These differences are
noddoubt because of differences in the defid¥mability because the
amounts of the alloy elements are different in the austenite
phase and the ferrite phase between both of the steels.

However, it would be unsultable for Cr-Ni-Mn steel being
treated here to contain lafge amounts of d-ferrite on account of
the uses for which it is intended. Thefefore, it 1z necessary to
select a composition range and temperature at which §-ferrlte
will not be produced as far as possible at the hot working temper-
ature. It has also been ascertained empirically that, if there
is almost no 6-ferrite, even steel with a twilist number to rupture
of this degree may be given ordinary hot worklng.

2.3.3. 0Oxidation Resistance Characteristics

Since it 1s sald that Mn lowers the oxidation resistance pro-
perties, we performed oxidation resistance tests. The tests in-
volved heating for 250 hours at 900°C and then measuring the
weight 1lnereases. The results are shown in Fig. 8.
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of 18-8 steel, but that
the 6% Ni steel had good values which were little different. On

E N - i ; In cases when the Mn
% o 4 b content was kept at 6% while
§IOﬁ_mw€ﬁi;%\;: ‘i:F" the N1 content was varied,
o ‘ - —
% o5 o B I e S it was found that the 2%
& | S and 4% Ni serles had
S O Ty e s o0z 4 6 500 oxidation resistance pro-
Fig. 8. umwnanﬁimu“mgngmlﬂmrﬁ;$gaa perties which were con-
900" C. for 25011@, vs, content of Ni oor Ma. siderab ly #inferior to those

the other hand, when the N1 content was kept constant whille the Mn

content was varied, 1t was found that in both the 4% and 6% Ni

series, the oxidatdon welght galin would increase as the Mn content

was lnereased, although the 6% Ni series generally had a smaller
oxidation weight gain, and at 4-6% Mn, the values dififered very
little from those of 18-8 steel. Consequently, 1t is believed
that a Ni content of 6% 1s necessary also from the viewpoint of
the oxidation reslstance properties.

2.3.4. Creep Rupture Strength

sSince the creep rupture strength 1s especially important
among the high-temperature strengths, we pérformed creep rupture
tests for the 4% and 6% Ni sekites. We used test pieces with
parallel parts measuring 6 mmg x 30 mm. Testlng was performed
using the ldentical stress at each temperature: 17 kg/mm2 at
600°C, 12 kg/mm® at 650°C, 8 kg/mm° at 700°C, and 6 ke/mme at
750°C, and comparisons were made of the rupture times. The test
results at 650°C and 700°C are shown in Fig. 9.

In all the series with constant Ni contents, the creeptbup-
ture strengths differed in accordance with the Mn content. In
the 4% Ni serles, both those undergoing solutlon treatment at

1100°C and those undergoing solution treatment at 1200°C displayed

10
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6’9 ~ ' 4$ ;; l-'| a their highest strength at an
[ mDT‘Sm;;QP%_Jamm:mmn$f Mn content of about 10% at
ﬁ i om0 1ICO°CWQ | temperatures of both 650°C and
_ | | 0w { 700°C. When the Mn content was
- : \\ ﬁ/ﬂ—l jﬁ\ _ increased beyond this, the
_ 1U~g§l4~“%a/ *??‘}JT*“Q;*Zf) strength would decline, and
£ ’ EH;‘J/" (f’ \“A“w the Mn content giving the
% ﬂ _ maximum strength corresponded
o GMSM; ' to the minimum value of the
E 6@C$WmmﬁAJ%b:4%oqummwl §~ferrite content mentiloned
: L fj?(\\ . | above. In the 6% Ni series as
ﬁﬁhﬁf/ " \byyyéy” well, the maximum strength
I T value similarly appeared at
e a definite Mn content, but,
‘ | unlike the 4% Ni series, this
‘ “r Re in &, oomono® value was in the viecinity of
_“Fig. 9. Change of creep-mupturs tims vs. Mn content. | 684 Mn. However, the strength

in general was higher in the
6% Ni series than in the 4% Ni series. When we compare the dif-

ferences depending upon the solution treatment temperatures, the
results are better for a temperature of 1100°C.

Since it seems probable that these changes in the creep rup-
ture strength are connected with the &§-fiérrite content, in Fig. 10

the creep rupture &8trength was plotted agalnst the §-ferrite
content on the abscissa.

In the 4% Ni series, the minimum value was displayed with a
§-ferrite content of 20%, and the strength was higher the lower
was the &§-ferrite content. In the 6% Ni series also, there was
g aimilar minimum strength value, but in this case it was in the
vieinity of a §-ferrite content of 7-8%. There was little
incerease in the strength even when the content was increased up
to the vicinity of 15%. Within the range of a small §-ferrite
content, there is the greatest strength at a content of about

il



B 17 - 1-2%. In other words, a

b fix,- small amount of d-ferrite of
“ﬂ\kl . about 3% or less doesgnot

B | \1;;,%,:33-{::3 lower the strength, but when

: _mﬂész B R | the content becomes rather

3 ; large, there is a sudden

a3 T L, drop in the strength.
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o o B .30 w0 S o As has been mentioned
veolume percentage of  §- ferritd

Fig. 10. Relation between volume percentage of d-ferrite above . 6% Ni-8% Mn (816)
and crecp-rupture time.

L . _.il-——= steel has the highest creep
rupture strength of all the

| - - high Mn steels. Therefore, in
50— — ) order to compare it with 18-8
. 4a0F .
H ol ,%; | steel [17], the data were organized
- i -.“."'- ’ -
2 ot TT§*~%£;~\‘ according to the Larson-Miller
S S AN | method and plotted in Fig. 11.
Z 0 ol
- R
g e
2R S : ., Although this S16 steel is
N believed to be one layer of aus-
. e e 2223 tenite, its strength almost /906
: e E—
- MTKQO”W”FK' ¢ tonie coincides with the lower 1limit of
Fie. 11. Larson-Miller master curves o EAME
i 69 Ni-8%Mn (S16) steel solution treat- the band of 304H steel. As was
ed at 100°C.

described in another report [18],

there are great fluctuations in the
creep rupture strength of this 304H steel depending upon the
charge; charges melted with raw materilals having a high virginity
and few impurities have a low strength. Since these groups are
concentrated in the vicinity of the lower limit of the strength
band, 1t 1s thought that the lower limlt linecdftthe band may
Justifiably be regarded in itself as the standard strength of
18-8 steel with few impurities. Vilewed in this manner, the creep
rupture strength of this 18% Cr-6% Ni-8% Mn steel is believed to
be equal to that of 18-8 steel. If the Mn content in this series
ig increased to 14%, the strength will decline somewhat.
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To sum up the preceding, if high Mn austenitic steel consists
of one austenite phase, one may conclude that its creep rupture
strength is almost the same as that of 18-8 steel.

2.3.5. Structural Changes Caused by Aging

Generally speaking, these steels will undergo structural
changes when they are given aging treatment at high temperatures.
Thus, in order to find out how these changes occur, we performed
heating at 600°C, 700°C, and 800°C up to 1000 hours each. The
types of steel tested wére 8% and 16% Mn steels of the 4% Ni
series and 8% Mn and 14% Mn steels of the 6% N1 series.

The changes in hardness after aging treatment are shown in
Figs. 12 and 13. In the S6 steel with an 8% Mn contentit in the
47 Ni series (Fig. 12), at 600°C

an increase in the hardness begins

before 100 hours, and there is the

280 T
% gaaf| ._&ﬁ% | -‘—r”% highest hardness after 500 hours.
I R s SN B P T At 700°C, there is a considerable
-iz};::i-—ﬂr"' increase in the hardness before
160 100 hours, and there are almost no
240 | 700C | changes after that. The hardness
g 220 |-t ST, . :
£ ol ,/fisﬁbfﬂ. : is about Hv 220, which is about
2 moﬂi__.Hv-w1804w£MnméJ | the same as the maximum hardness
g o = jser-ange (8101t at 600°C. At 800°C, the hardness
" 2a0f éﬁycrfq*_Jhﬂ?”. remains the same as that during
%b‘_“;_:;jﬂﬂjww ] J solution heat treatment, and there
‘iz“o-——”——~w' B e are almost no changes. 810 steel
60 et 10 z’is :!o IJDO 2f£o :l‘o:oqo _ with a 16% Mn content has approxi-
mected Bgng time  (nd 1o mately the same tendency at all
Fe. m‘ﬁﬁﬁﬁi&kiﬁﬁ@ﬁ#?ﬂ“{ﬁﬁﬁl temperatures. The hardness rises
e ereeh afver sulutiva e until about 50 hours, after which

it éither becomes more or less
constant or increases somewhat at

13



220 S f"“" T nearly 1000 hours., The greatest

mo~, 600 hardness in thisccase is after
S . 1000 hours at 800°C; the Hv

o F e o 1 1 4.

SR I N it bt o s s value is about 250.
120 : i

T
O===C |BCr-GMi~BMn (5 18]

2 2T 700 et 3Cr-GNI—ia hn (S 18) In the 6% Ni seriles (Fig. 13),

PR s e e e e since the steel with the 8% Mn

_:? leorp'd--—-:—---—‘}-—-—;——c-—-l

¢ o s content (S16) is one homogeneous

E mo - ; ' austenite phase, there are almost
200 | B0 | A no changes in the hardness on
T ﬁ;i;a account of aging. On the con=-

. J
160 |- "--a--:_"""...__o...._.._.cl’.‘..... -

N R BN B trary, there is even a tendency
je0 l to become somewhat softer than
as 5 10 25 80 100 250 500 1000
sol.treated ) g fime (i) during the solution heat treatment.
Tig- 13, Change of harducss vs. aging time at Even when the Mn content 1s in-
various temperatures of 635N series of

© . Cr-Ni-Mn steel after solution treat- | creased to 14% (318), unlike the
ﬁ o ment at HOO'U. N 4% Ni series, there are no very
pronounced changes. However,
after 1000 hours at 800°C, there 1s some hardening to a value of
about Hv 200. When these steel specimens after aging treatment
were observed under the microscope, no changes at all could be
observed in the austenite phase, but it was found that the §-
ferrite had changed considerably. That is, carbldes were preci-
pitated inside the d-fierrite, and they underwent changes together
with the temperatures rises or the time increases. In order to
illustrate the modes of precipitation of carbides in the d§-ferrite,

we show in Photo 2 examples of microphotographs enlarged 1000 times.

At relatively low temperatures such as 600°C (PHoto 2 (a)),
minute carbides arepprecilpitated in the §-ferrifte, and when the
temperature is raised further, they aggregate and assume a form
likeethat in (b). When the temperature rises further to 800°C,
aggregation proceeds even further, and coarse carbides are formed
in the 8-ferrite, while at the same time, it i1s--helieved, some of
them are transformed into the o phase. Consequently, it is not

14



desirable to have a strue- /907
fure with large amounts of
§-ferrite because brittile

o-phase intermetallic

compounds will easily be

formed. That is, even if

they have a sufficiently

(2) 1BCr-4Ni-6Ma (53)
LI00*C o Thr— W
+600°C % L0Bhr high~temperature strength,

WCE-ANI-BMn ($6) steels contailning d&-ferrite
LR e WO

+ 7007 Lok

are deemed to be unsuitable

LGCr-ANI- 163 n (310) . .
PG The-sW Q) for applications in which
+ B U 1060hy .

L . ‘
1 Phow, 2. Changes of d-~ferrite of high Mu stainless steels
| ! ¢

- due to aging. N , temperatures for prolonged

they will be exposed to high

periods of time.

2.4, Conclusion

On the basis of various considerations of what has been stated
above, in high Mn austenitic steels, if the Ni content 1s 6% and
the Mn content 1s within the range of 8-10%, it will be possible
to obtain an austenite phase containing almost no 8-ferrite even
without 1ncreasing the C and N particularly. The oxidation resis-
tance properties and creep rupture strength will also be good.
Consequently, the most suitable base composition of Cr-Ni-Mn
series austenitic steel is 18% Cr-6% Ni-8-10% Mn.

3. Effects of Additions of Minute Quantities of Ti and Nb on the
High-Temperatures Strengths of Cr-Ni-Mn Series Austenitic
Steels

3.1. Purpose

e

Since the base composition of the Cr-Ni-Mn series was deter-
mined in the previous chapter, we next attempted to improve the
high-temperature strength of the alloys of this series. As was
previously reported [181, the high-temperature strength of

15



18-8 stainless steel improves phenomenally when minute quantities
of T1 and Nb are added to it. Even though the allcy series may
differ, we fhought that, on account of their common properties in
both being austenitic structures, it might be possible to bring
about far-reaching improvements in the high-temperature strength
of this alloy series also by adding minute quantities of Ti and Nb.
Thus, we performed the following experiments. (In the ensulng
sections, 18% Cr-6% Ni-8% Mn steel 1s called "18-6-8"steel.")

3.2. Steels Tested and Experimental Methods ~

In these experiments, a rather high C was adopted (the
standard vailue was about 0.2%) in accordance wlth the saméuthinking
as with 18-8 steel to which minute quantitlies of Ti and Nb were
added (hereinafter called "18-8 TiNb steel™). In order to find
out the optimum amounts of Ti and Nb to be added and the effecks
of thelr addition, we prepared steel to which no T1 and Nb had
been added (MO) as well as four types of steels with various
atomlc ratios of C/(Ti + Nb) (M1-M4). They were melted with a
50 kg hlgh frequency furnace and made 1nto 50 kg or 10 kg steel
ingots. As a result of these 1lnvestligations, 1t was discowered /908
that the most suitable value of C/(T1 + Nb) is in the vicinity
of U, ujudpeasadin 18:8uTiNbnsteedtadNExty waaestablilshed)the goal
of fixing the value of C/(Ti + Nb) in the vicinity of 4 by the
same method, and heated four charges (M5-M8) in which the quan-
tities of Ti and Nb were varied slightly. Furthermore, in order
to investigate their characteristflcs as practical steels, we
performed melting by means ofia 500kg [sic] high frequency furnace
and manufactured steel tubes by means of a Mannesmann plug mill.
This 1ls deseribed in a separate sectlon. The chemical composi-
tions of the experimental steels heated by means of the 50 kg [sic]
high frequency furnace are shown in Table 2.

The steels for testing either were forge-drawn into 15 mmd
round bars at 1150-1230°C or were rolled into 12 mm thick plates

16



TABLE 2., CHEMICAL COMPOSITIONS OF THE EXPERIMENTAL

HEATS (%)
§ s e s e e p—
{[ Sreel C Si Mo P 5 Nt Cr Ti Nb ! N (soly i :
| : | [
A e S e e e e e
MO | 018 | 057 | 865 | 0°0065| 000 [ 598 | 17-84 tr 0010 P

I 5r 019 |05t 781§ 00200 D03 T 602 ) 16681 048 | 063 | 0019 )T
btz [ o0 | 060 | o810 | ooost| ool o608 | t783] 0-21 | 020 | o-omd 050
[P 019 | 06l | 810 | 0032 0013 606 | 17°89| 0094 | 011 D o0uom | 019
M| 020 0 0059 [ B0 | 003 0003 613 | 17°77; 0-048) 0:035 | 0-0087 | 0°065
ﬁ A5 | 018 | 06F | B2 | 06| 0015 631 | 18°15] 00601 031 | 00006 | 0°16
PMG | 020 | 082 ] 810 | 003 0013 &34 | 1823 0060| o2 | g7 [ 020
% M7 | 020 | 048 1 862 (0020 0012Z| 628 | 1857| 0080 01 | @03 016
n MB | 022 | o050 | 838 | 0032| 0012| 622 | 1857] 0-100; 020 | 0-0204 023

0 *  Aremic ratio.

with a test rolling mill. After that, they were kept at 1100°C
for 1 hour and then given solution heat treatment with water
cooling. The M5-M8 specimens after solution treatment were given
structural observations and high-temperature tension tests, and
all the specimens were given creep rupture tests (600°, 650°,
700°, 750°C). The sizes of the test pieces both for the high-
temperature tension tests and the creep rupture tests.wére

6 mmg x 30 mm in the parallel sections. In the high-temperature
tension tests, the tensile velocity was 0.1 mm/min until the
proof stress was exceeded; after that,it was 5 mm/min (in both
cases the velocities were cross head velocities). (The strain
veloclties 1n the parallel sections were about 0.2%/min and
15%/min, respectively:}

Speetimens for mlcroscopic examination were cut out of some
of the test pleces after creep rupture, and structural observa-
tlons were performed by the extraction replica method using an
electron microscope. In this case, a Virella solutlon was used
for the first-stage corrosion, and a 10% brome alcohol solution
was used for the second-stage corrosion.

17



3.3. Experimental Results and Discussion

3.3.1. Effects of the Ti and Nb Quantities on the Creep Rupture
Strength of 15-06-0 TiNbiSteel

As was mentiloned in'the previous sectlon,swwe filrst perfirmed
creep rupture tests of the M0O-M4 steels in Table 2 in order to find
out the sultable amounts of Ti and Nb to use in 18-6-8 steels
with Ti and Nb added (hereinafter called "18-6-8 TiNb steel").

The creep rupture tests were carried out at 600-750°C, but
the differences in strength were pronocunced in the vicinity of
650°C x 1000 hours or 700°C x 1000 hours. At 750°C, the dif-
ferences were relatively less. Thefefore, 1t was decided to
consider the creep rupture strength at 700°C x 1000 hours by
organizing the data in terms of the atomic ratic between C and
Ti + Nb.

When making comparative studies it was learned that the
C/(Ti + Nb) ratio would be infinite when the amounts of Ti and Nb
added were zero. This is difficult to express graphically.
However, it was found that if the abscissa 1s calibrated by means
of the square root of (Ti + Nb)/C, the state of distribution of
the strength can be displayed extremely well. Therefore, 1t was
decided to follow this display method in the future.

The relationship between the (T1 + Nb)/€Catomic ratio and the
creep rupture strength at 700°C x 1000 hours is shown in Fig. 14.
Here we also inserted the values of M5-M8, MT1l, and MT2, which
will be explained below, as well as the values of S16 given in
Section 2.3.4 (extrapolated by the Larson-Miller method). It is /909
believed that the difference in strength between S16 and MO is due
to the differences 1in the C contents. It is eclear from this
figure that in high Mn austenitlc steel, just ’ as in 18-8 steel
[18], the maximum value of the creep rupture strength is in the

vicinity of a (Ti + Nb)/C atomic ratio of 0.25. However, the
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(Ti + Nb)/C ratioc displaying this

5 |
: ‘ MI2 . .
3 '4[:“*“”h;\g“““m°cﬂm”“ ] maximum value has a rather broad
= 13} IR A ke
fE'Z “Tabte o~ range of values, and it is thought
e R T S
S el TNE that values of 0.1-0.5 would be
) A s . . .
A I e g sultable. Consequently, in the
» 9t S
5 Bé@ - subsequent testing, we aimed at a
é 713 (Ti + Nb)/C atomdciratio in the
v o€ T vicinity of 0.25.
*06or o1 07 030405 15
: Atarmic ratio of {Ti+ Nb)/C ' _ ) !
Fig. 14. Relation between crecp-rupturc swengeth | 32322+ Characteristics of 18-6-8
at 700°C for 10Q0Lr and atomic ratio of TiNb Steels
(Ti+Nb)/C. o -
Next, let us describe the

characteristics of the standard 18-~6-8 TiNb steels (M5-M8) shown
in Table 2.

Structure after Solution Treatment

(1)

Structures after solutlon treatment at 1100°C are shown in
Photo 3. The photognaphs show that some §-ferrite is present in

FUT . o The
particularly large ferrite

" each type of steel.

grains areuusually present
independently of the re-
crystallization grain
boundary. It i1s probable
that they did not appear
during the solution treat-
ment, but rather that they
appeared during the forging,

-a

B e, e R T Y L

e

since there was a rather

LE L e S i

high heating temperature
at that time.

C ks gy b
{a) M5 (4) MG
e} M7 {d) MU
Photo, 3. Micrapliotographs of (18-6-8 ‘TiNb steel after
* sulution grestment?
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(2) High-Temperature Tensile Properties

The results of high-temperature tensile testing are shown 1n
Flg. 15. 1In the figure we also showed, for the sake of compari-
son, the ranges of varlation of the data for AISI 304H and 316H
steels given solutlion treatment at 1100-1150°C. There were almost
no differences in the 0.2% prodf stress between the charges of
these steels, and the values at each temperature up to 750°C were
in the viecinity of the upper limit of 316H steel. Although there
was a slight deeline in 304H and 316H steel at 750°C, there were
almost no differences at all in the 18-6~8 TiNb steel within the
range of 600-750°C (the values were about 15 kg/mm2).

There were also almost no differences 1n the tensile strength
between the charges, and it is clear that within the range of
these experiments, varlations 1in the amounts of T1 and Nb have no
effects eipher on the high-temperature tenslle strength or on the
proof stress. At normal temperatures, both 304H steel and 316H
steel display quite high values of about 73 kg;/mm2 with respect /910
to 55-62 kg/mmz. However, at high temperatures of 600°C or more,
thelr strengths are about the same as that of 316H steel, and
there is an improvement of about 50°C, when converted into

temperatures, as compared with 304H steel.

As for elongation, there 1s a margin of variations, but there
is no definite tendency between the charges, and as a whole the
values are lower than those of 304H and 316H steels. However,
even the minlmum value is 36%, and 1t 1s believed thattthis is
sufflcient in actual application.

To sum up the preceding, 18-6-8 BiNb steels have superior
hilgh-temperature tensile propertles, and the effects of addition
of minute quantitles of Ti and Nb manifest themselves sufficient-
ly. There are also almost no changes 1in these strengths when
the amounts of Ti and Nb are varied slightly.
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(3)  Creep Rupture Properties

The creep rupture properties
of steels M5-M8 are shown in
Figs, 16 and 17. The results
for the charges (MT1, MT2) in
the practical application tests,
to be described below, are also
shown in these figures.

The creep rupture strengths
shown in Fig. 16 at 600-650°C
are approximately the same as
those of 18-8 TiNb steel [18].
At T00-T750°C there 1s a tendency
for them to decline below the
strength of the same steel on
the long-tifieseside, but on the
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short~time side, they are either

f | ™ 1 : about the same or somewhat
| iﬂF—:"; """" IR - higher. Consequently, the
,f 'L“:""Lﬁm——--m“i- strength is quite high when
i ‘7;“*meff e compared with 304H steel. For
i 2;2 t_g:' . f~\}T“ the sake of comparison, the
j <) ="=:%:::j;;“&i“ mean values of the creep rupture
g o :' "‘~nﬁk A | strengths of 18-8 steel [17] for
=r Ll __L:.::_L::‘ the long-time side at 600-700°C
2 ~l e oo are shown in the figure, where
el -l i ‘ they are indicated by broken
et N I R Sun lines with one dot. Within the
e o @ o o range of 10,000 hours, the
Time o rupture {n0)

I"ig.ﬂ i7. Rupture elongations of 18-6-8 TiNb stec]_. | creep rupture strengths of
S o e 18-6~-8 TiNb steel at 650°C are
somewhat higher than the gll

———

strength of 304H steels at 600°C.

The decline in the strength of this steel after prolonged
times at F00°C appears to be somewhat pronounced. However, we
are currently carrying out testing of this at even longer time
periods.

There are some rather high values at the different temperas
tures on the short-time side in the creep rupture elongations
shown in Fig. 17. However, at the longer time in the vicinity
of 10,000 hours, all of the values decllne considerably, and
there 1s a tendency for almost all of them to be within the range
of 5~15%. This 1is similar to the phenomenon which 1s generally
seen in stainless steels of the 18-8 series [19]. The rupture
elongations on the long-time side cannot be estimated by an
approach based on the extrapolation method, and the only possible
method is to find them by &q?uaj.long—time testing. At the present
stage, the rupture elongations in the vilelnity of 10,000 hours
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are about 5-15%. These values do not differ very much from those
ofuvoRdinary 18-8 series stalnless gteels.

3.3.3. Properties as Practical Steels

In the preceding, we mentioned that 18-6-8 TiNb steels have
superior properties as high-temperature steels. However, before
putting these steels into actual application, it will be neces-
sary to investigate thelr workability and other propertiles ¢
necessary for actual uses. For this reason, we heated the steel
by means of a 500 kg high frequency furnace., Its chemical com-
position was as shown in Table 3.

TABLE 3. CHEMICAL COMPOSTTION OF 18-6-8 TiNb STEEL
USED FOR PRACTICAL EXPERIMENT (%)

5k Steel |- O \ 5i Mn P S Ni Cr Ti Nb ‘ N (sol.) ,._L’C__‘,__* _

i’ MTi § 0:17 | 060 | 764 | 0030 | 0021 | 581 17:56] 007 | 010 | 0-0077 017

YAy % Moemic ratio .-

. J LI R NI LR DRI A [, el L AL

The steel was cast into ingots with a 500 kg mold and was
finished by forging into 130 mmg blllets. At that time, we
collected from the discarded portions samples for testing the hot
workability. @After peeling of the round billets, steel ftubes
were manufactured by the Mannesmann plug mill system, and they
were finally finished by means of cold drawing into steel tube
products wWith an outer diameter of 5088 mm and a wall thickness
of 8.0 mm.

(1) Hot Workability

The hot workability, which is the most important property
in practical applications, was assessed by means of hot twist
testing and piercing tests [20]. The twist numbers to rupture
at 1100-1250°C are shown in Fig. 18. When the results are compared

23



3 "I with 516 steel described above

v ; (16 Cr—6 Ni-8 Mn, Fig. 5), they
B 3 ‘ are somewhat inferior at 1200°C,
but are slightly better at
1100-1150°C. It is clear that
, there is no decline of the hot
1[—————“ o - workability at 1100-1150°C at

: o nE least when minute quantities of

Ti and Nb are added. It 1is

Csh .  R - assumed from these results that

5t ) T

~n
[
x

I
T

Twist number to rupture

/

- o B a rolling temperature in the
oo 1150 200 1250 vicinity of 1150°C 1s suitable.

Testing tempesature  {°C)

=0

Fig. 18. Results of hot wwist test of 18-6-8 TiNb,
steel (MTI). '

F In the plercing tests,

tapered billets with a dlameter

of 25 mm¢g at one end, a diam-
eter of 30 mmg at the other end, and a length of 150 mm are rolled
obliquely on rolils similar to the rolls of a Mannesmann piercing /912
mill. After the test pieces have passed through the rolls, the
reduction at one end is 0%. The reduction increasesllinearly
and reaches 20% at the other end. Materials which are unable to
withstand working by this rolling will have internal cracking at

those parts where the reductlon 1is greater than a deflnite value.

=

This reduction 1s called the "eritical reduction.™ In actual
pderce rolling, if cracks occur inside the billet because of the
draft applied by the rolls before the holes are pierced by the
plugs, this will result in internal damagegsw. Consequently, it

is desirable for the critical reduction to be as high as possible.
It is generally held that it 1s desirable for it to be at least

5% or more.

Photographs of the longitudinal c¢cross sections of the test
pieces are shown in PhotoXd. Besides the critical reductions,
the shapes of the internal cracks also differ considerably
depending upon the materials. It is thought that they also are
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e =wosy among the factors in deter-
o . mining whether the worka-
bility 1s good or not, but

we do not yet have any

T

clear-cut ¢riteria for
Judging them. The critical
reductions at 1100-1250°C
measured by these tests are

= L e e T as shewn in Table 4. Values
“ R TR B A 45 5:_.'.; : ; .
o J“““%”?' .t G of more than 10% are indi-
olled a (b} Rolled at 1150°C
f23§$£§:ﬂu ~ (d), Rolled at 1250°C ‘ cated at every temperature.

Photoe. 4. Longitudinal cross sectious i 1868 TiNb steel
" MT1 after o‘.\l:que relling, -

In the steels currently in
o use, values of 5-6% have

_ been obtained in 304H steels
and of 4-5% in 316H steels, and these steels actually have higher
values. The photographs also. indicate that there are no particular
abnormalitles 1n the shapes of the cracks, and one may Judge that
the hot workability is good encugh. On the basis of these results,
it is thought that a working temperature of 1150-1200°C is

probably suitable.

On the basls of the test results described above, we per-
formed Mannesmann pidércing with a billet heating temperature of
1200°C. The hot-finished steel tubes which had gone through rolling
by a plug mill (outer diameter 114 mm, wall thickness 15 mm) had
relatively few large damages, but some smallddamages occurred.

Next-, they were finlished into steel tube products with an outer
diameter of 50.8 mm and a wall thickness of 9.0 mm by means of the

e ld
TABLE 4. CRITICAL REDUCTIONS OF 18-6-8 TiNb STEEL
BY OBLIQUE ROLLING TEST

. ’_”77“:' m‘—_""""T°ﬂ( : S
- CSep ! 100°C | [1150°C | 1200°C | 1250°C
i Meas No™o b

M1 i 15-5%

335, | 13025 | i2-505
; _
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cold Pilger process and cold drawing. The final heat treatment

was solution heat treatment of 1140°C x 10 min WQ. The creep
rupture test pieces were taken from these products. The creep
rupture test results are shown in Fig. 16 above. MT1 was taken
from the discarded portlons of the forged blllets; after forge-
drawing, they were gilven heat treatment of 1100°C x 1 hour WQ.

MT2 was taken from the final steel tube products; after cold
working, 1t was given a final heat treatment of 1140°C x 10 min WQ.

(2) Weldability

Concerning the welding of these steels, thought is being
given to the development of new welding rods of the double metal
system and also to sédecting suiltable rods from among those
available on the market. As a double metal system, we heated
steel of the same chémical composition as the base metal in a
50 kg high frequency furnace, made it inte wires of 3.2 mmgd, and
prepared welding test pleces according to the TIG (tungstén inert
gas welding) method. As for the products sold on the market, we
used rods covered with Iconel 82 and prepared welding test pieces
by the arc weldlng method. Examples of these are given here.

The welding test pleces were plates 12 mm thick. They were
each welded acceording to the methods mentioned above, and creep
rupture test pieces were prepared with their welded Joints in
the center of the parallel part. In each of the weldling methods,
the welding was performed without preheating, and there were no
cracks in the test pleces after welding. Post-heating was not
performed, and as-welded pieces were used as the test specimens.
The results of the creep rupture tests at 650°C and 700°C are
ghown in PFlg. 19.

Results for test pileces taken from the base metal of the

test specimens as well as the strength bands of the 18-6-8 TiNb
steel shown in Fig. 16§ were also shown in the figure as
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comparatlve data. There were almost ne differences in the
strength between both welding methods. Although the strength of
the welded joints appears towhbe somewhat higher than that of the
base metal, all of these data fit within the strength bands of

numerous charges.,

The c¢reep rupture elongations are indicated in the figure by
numbers.‘ The results indicate that the rupture elongations of
the welded joints are considerably lower than those of the base
metal. However, as is indicated in Flg. 17, the fluctuations in
the rupture elongationsuunder such test condltions are extremely
great, and thevwalues of TIG welded Jjolnts, which have the lowest
of all these values, are the same as about the smallest values of
the variations, but no lower. In these cases, the rupture posi-
tions may be either the deposited metal, the boundary part, or
the base metal, although cases where the ruptures occurred on the
When
the elongations of the deppsited
metal are extremely great, and there is considerable reduction of

the sectional area.

deposited metal are somewhat more numerous than the others.
Iconel wékding rods are used,

However, in the final analysis, in most of
the casesg the ruptures occurred on the base metal,
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3.3.4. Microstructure after Creep Rupture

There is a pronounced rise 1n the creep rupture strength of
the steels to which Tl and Nb had been added as compared with
high Mn austenitic steels contalning no additive elements. In
order to find out the mechanism of this strengthening, test pileces
after creep rupture were given electron microscoplc observations
by the extraction replica method.

The steels examined were S16 containing no T1 or Nb and M1
containing sultable quantitles of them.

In PhotosBaane shown typical examples of S16 at 650°C and
12 kg/mm2 (rupture time 506 hours) and at 700°C and 8 kg/mm2
(458 hours); of M1 at 650°C and 20 kg/mm® (432 hours); of M1 at
650°C and 17.7 keg/mm2 (3580 hours); of M1 at 700°C and 1% kg/mm?
(556 hours); and of M1 at 700°C and 10 kg/mm® (3384 hours).

Do m L e
e T

Ca) SHG 60, I2kefomn?, Mohe (BY 816 G074, Rhg/nnn?, Hiib,
(o) M1 B Tk dam®, BRI (b NEL 2 R30°C, 17 7he /i 35500
() MU 70000, Hikgfuon?, 336 ) ML 3 To0tc, 0kafmm s, S HY

Pliste, 5. Extraction replica micrographs of erecp-ruptured specimens,
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Even though the C content in 816 is not as high as in M1, /914
quite large carbldes are precipitated on the crystal grain boun-
dary. As a result of electron beam analysis, they were identified
as belng M2306' Besides them, there were almost no other preci-
pltated substances inside the grains. These carbides on the grain
boundary appear to grow more and more the higher 1s the tempera-
ture and the longer 1is the time. Thus, those obtained at T700°C and
458 hours are much larger than those obtained at 650°C and
506 hours. As compared with 18-8 steel, these steels in general
have a much faster speed of growth. The sizes of the individual
carbide grains at 650°C and 560 hours are approximately 1 um, and
one side is about twice the size of 18-8 steels with a low creep
rupture strength and a rapid growth speed of the carbide grailns
when the latter are subjected to approximately thet same condltions
(according to measurements made by the writers). This indicates
that, even amongdiffenenttypes of austenitic steel, when the Mn
content 1s great, the carbilde aggrégation speed willl he great
when they are kept at a high temperature. On the other hand, in
M1l steel to which suitable quantities of Ti and Nb hiave been added,
there is almost no precipitation of large carbides on the crystal
grain boundalires, and the carbldes are dispersed in thepgrains
in the form of numerous extremely fine particles. However, at
the ldentical temperatures, the growth of the particles together
with the passage of time 1s extremely limited, and at a temperature
of about T700°C there is relatively little growth as& the temperature
is raised. The particle diameters were measured and expressed
quantitatively in Fig. 20.

When the sizes of these particles are compared with those of
18-8 steel [21] and 18-8 TiNb steel [21], at either 650°C or
700°C, the carbide particles of 18-6-8 TiNb steel are smaller than
those of 18-8 TiNb steel. Furthermore, at $00°C, the carbide
particies of 18-8 steel grow together with the passagevof time,
but those of 18-6-8 TiNb steel are only slightly larger than those
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of 18-6-8 TiNb steel, and the growth is extremely slow after
1000 hours.

If we study the relationship here between the sizes of the
carbldepparticles and the creep rupture strength, even though the
18-6-8 TiNb steel particles generally are larger than the 18-8
TiNb steel particles, their strengths are almost the same and are
much better than the strength of 18-8 steel. One can assume that
this is because the 18-6-8 TiNb steels, besides having the
strength due to dispersion of-M2306 carbides, are also subjected
to a certaln degree to the solid solution strengthening éffect of
Mn, and that as a result of this they have come to have a strength
of approximately the same degree as 18-8 TiNb steel.

Since the carbide particles in 18-6~8 TiNb steels tend to
have a somewhat faster growth speed than 1n 18-8 TiNb steels, it
1s anticipated that the differences in their sizes would also
expand at an even longer time. This coincides with the tendency
for the creep rupture curve to have a somewhatfgreater inclination,
and it would appear especially that the strength should decline
considerably at longer than 10,000 hours at 700°C

In the discussion above we took upponly the sizes of the

carblde particles, but we did not deal with the distances between
particles. This was so for the following reasons. That is, when
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viewed microscopically, the slzes of the particles vary relatively
little from place to place, but there are conslderable varlations
In their density, that 1s, in the dlstance between particles, and
it is difficult to make quantitative measurements of the mean
values. Besldes, with respect to the carbidepparticle density on
the replica surface when the extraction replica method is used,

it is possible that the carbide particles may not have been taken
in layers with a constant thickness on account of the degree

of the corrosion when the replicas are prepared.

However, when the total amount of the carbides is constant,
the numbers will be greater and the mean distance between particles
will be smaller the smaller is the particle diameter. Therefore,
it would seem possible to explain the above-mentioned differences
in strength by replacing them with the mean distance between
particles, and one may be justified in assuming that the creep
rupture strengths of these steels are determined to an extremely
great degree by the state of dispersion of the carbides.

3.4, Conclusion

In high Mn austenitic steels in which a base composition of
18% Cr-6% Ni-8% Mn was adopted, if a high C content is adopted
and T1 and Nb are added to them so that the atomic ratio of
(Ti + Nb)/€ will have a value of 0.1-0.5, the creep rupture
strength will be extremely high at 600-700°C. This is the same
phenomenon abithat which occurs when Ti and Nb are added to 18-8
steels. It indicates that at high temperatures the Ti and Nb
accelerate the dispersion of the carbide M23C6 and act to suppress
its subsequent aggregation.

The 18-6-8 TiNb steels obtained here have approximately suf-
ficient hot workabllity foruuse in practical applications; they /915

can be welded wlthout any problems as long assan approprilate
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welding rod is used; and the strength of the jolints 1s the same
as that of the base metal. Consequently, they can be sald to be
inexpensive, extremely economical steels with superior high-
temperature characteristics.

. Summary

The base composition of the Cr-Ni-Mn sernles was studied for
the purpose of developing economical austenitic steels for high
temperatures. The desired steels were obtained by adding minute
quantities of Tl and Nb tfo them. The followling is a summary of
the concluslions reached at each of the stages.

(1) Since almost no §-ferrite is contained in the Cr-Ni-Mn
series, aniNi1 content of at least 6% is necessary. The Mn content
at thls time must be 8-10%.

(2) The oxidation resistance propertlies at hlgh temperatures
vary depending upon the amounts of Ni and Mn even when the Cr
content is kept constant. If the Ni content is also kept con-~
stant, the oxidation resi#stance properties will decline as the
Mn content increases. However, the oxidatlon resistance proper—
ties of 18 Cr-6 Ni-8 Mn steels differ little in comparison with
those of 18 Cr-8 Ni steels.

(3) Large amounts of §-ferrite lower the creep rupture
strength. 18-6-8 steels have the same creep strengths as the
18-8 steel charges with lower strengths.

(4) Minute guantities of Ti and Nb, which have a pronounced
effect in improving the creep rupture strength of 18-8 steels,
also have the same effect on austenitic steels (18-6-8 steels)
containing large quantities of Mn. As for the amounts of Ti and
Nb added to maintain the maximum creep rupture strength at 600-
700°C, the atomic ratio value of (Ti + Nb)/C is within the range
of 0.1-0.5.
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(5} 18-6-8 TiNb steels have more or less adequate hot
werkabllity for all practical purposes, and they can also be welded
without any problem. They are extremely economical steels with
Superior high-temperatureccharacteristies.

In conclusion, the writers express thelr profound gratitude
to Mr. Renpel Yoda of the National Research Institute for Metals
for giving us the benefit of his valuable opinions upon the

commencement of this research.
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